). The mutation n2527 was also idenIntroduction tified in this screen, and we previously described a method for high-resolution mapping relative to singleRas is a pivotal signaling protein that regulates many cellular processes, and mutations that activate Ras are nucleotide polymorphisms that was used to map the n2527 mutation (Jakubowski and Kornfeld, 1999). The a common cause of human tumors (Barbacid, 1987). A major pathway that regulates Ras involves a receptor n2527 mutation affects a previously uncharacterized gene that we named cdf-1 because it encodes a pretyrosine kinase ( 
Introduction tified in this screen, and we previously described a method for high-resolution mapping relative to singleRas is a pivotal signaling protein that regulates many cellular processes, and mutations that activate Ras are nucleotide polymorphisms that was used to map the n2527 mutation (Jakubowski and Kornfeld, 1999) . The a common cause of human tumors (Barbacid, 1987) . A major pathway that regulates Ras involves a receptor n2527 mutation affects a previously uncharacterized gene that we named cdf-1 because it encodes a pretyrosine kinase (RTK), such as the epidermal growth factor receptor (Cantley et al., 1991; Dickson and Hafen, dicted protein that is similar to members of the cation diffusion facilitator (CDF) family.
1994; Marshall, 1994). Ligand binding stimulates receptor autophosphorylation and creates docking sites for
The CDF protein family is ancient and ubiquitous (Paulsen and Saier, 1997). Genetic analysis of CDF proa complex of a phosphotyrosine binding protein, such as GRB2/SEM-5, and a Ras guanine nucleotide exchange teins indicates that they regulate the transport of heavy metal ions. Overexpression of yeast ZRC1 or COT1 confactor (RasGEF). RasGEF catalyzes GDP release, resulting in GTP binding and Ras activation. Activated Ras fers resistance to toxic levels of zinc or cobalt, respeccan bind and activate the serine/threonine kinase Raf.
tively, while deletion mutants are hypersensitive to metal Activated Raf phosphorylates and thereby activates a toxicity (Kamizono et al., 1989; Conklin et al., 1992). mitogen-activated protein (MAP) kinase kinase, named COT1 is localized to mitochondria, suggesting that MEK, which in turn phosphorylates and thereby acti-COT1 transports cobalt from the cytoplasm to the mitovates extracellular signal-regulated kinase (ERK) MAP chondrial lumen. Overexpression of mammalian ZnT-1 kinase. ERK phosphorylates a variety of target proteins, or ZnT-2 rescues a cell line that is hypersensitive to including transcription factors, and these modifications Zn 2ϩ toxicity (Palmiter and Findley, 1995; Palmiter et al., elicit an appropriate cellular response. 1996). ZnT-1 is localized to the plasma membrane and In the nematode C. elegans, Ras-mediated signaling increases the rate of Zn 2ϩ efflux from cells, indicating controls multiple developmental events; the most extenthat ZnT-1 transports Zn 2ϩ from the cytoplasm to the sively analyzed is the induction of the hermaphrodite extracellular space (Palmiter and Findley, 1995) . In these vulva (Horvitz and Sternberg, 1991) . The vulva is a specases, CDF proteins appear to confer increased tolercialized epidermal structure used for egg laying and ance to heavy metal ion toxicity by reducing the cytosolic concentration of heavy metal ions. CDF proteins contain six predicted transmembrane domains; the amino and carboxyl termini are predicted to reside intrathat full-length cdf-1 mRNA contains an SL1 transcellularly. The cytoplasmic loop between transmemspliced leader sequence, 75 nucleotides of 5Ј untransbrane domains IV and V contains clusters of histidine lated region, 1557 nucleotides of coding region, 357 residues that have been hypothesized to bind metals nucleotides of 3Ј untranslated region, and a poly(A) tail.
(Paulsen and Saier, 1997). The mechanism of action of
The predicted CDF-1 protein shares significant simi-CDF proteins has not been established; it is possible larity with members of the cation diffusion facilitator that they directly transport metals across cellular memfamily ( Figure 1B ). CDF-1 displays highest conservation branes, or they may facilitate the function of another within the six predicted transmembrane domains and transporter (McMahon and Cousins, 1998) . CDF proteins has a cluster of histidine residues between membrane have not been reported to regulate Ras-mediated sigspanning domains IV and V. Overall, CDF-1 is about naling. 30% identical to the most similar vertebrate and yeast Here we describe a molecular and genetic characterproteins, murine ZnT-1 and S. cerevisiae COT1, respecization of C. elegans cdf-1. cdf-1 loss-of-function mutatively. The cdf-1(n2527) mutation causes a premature tions reduced Ras-mediated signaling, suggesting that stop at codon 157 that results in a protein that lacks cdf-1 positively regulates Ras signaling. Vertebrate three membrane-spanning domains, suggesting that ZnT-1 can positively regulate Ras signaling in C. elegans cdf-1(n2527) is a strong loss-of-function mutation (Figand Xenopus laevis oocytes, indicating that the ability ure 1B). This is consistent with our genetic analysis, of CDF proteins to promote Ras signaling and the ability since cdf-1(n2527) homozygous and hemizygous muof the signaling pathway to respond to CDF proteins tants display similar suppression of the let-60(gf) Muv have been conserved during evolution. cdf-1(lf) mutants phenotype (Jakubowski and Kornfeld, 1999 and P8.p. In let-60(n1046gf) single mutants, 37% of The n2527 mutation was isolated based on its suppresthese cells adopted complete or partial vulval cell fates sion of the let-60(n1046gf) Muv phenotype. n2527 defined (n ϭ 36). By contrast, in let-60(n1046gf); cdf-1(n2527) a complementation group that was mapped to a 9.6 kb double mutants, P3.p, P4.p, and P8.p always adopted interval of chromosome X that contains the open reading an uninduced 3Њ cell fate (n ϭ 36). Thus, the suppression frame C15B12.7 (Jakubowski and Kornfeld, 1999). This of Muv phenotype caused by cdf-1 mutations is due to gene assignment was confirmed by demonstrating that a transformation of vulval to nonvulval cell fates in P3.p, C15B12.7 contains a nonsense mutation in the n2527 P4.p, and P8.p, and cdf-1 appears to regulate the initial strain and that a fragment of genomic DNA containing step in Pn.p cell fate determination. C15B12.7 could rescue the n2527 mutant phenotype in
In an otherwise wild-type genetic background, the transgenic animals. We named this gene cdf-1.
cdf-1(n2527) and cdf-1(ok192) mutations did not cause To elucidate the structure of the mRNA and predicted gross defects in vulval development or egg laying. To protein products of cdf-1, we analyzed cdf-1 cDNAs.
determine whether cdf-1 mutations cause subtle deWe isolated three cDNAs by hybridization of C15B12.7 fects in vulval development, we examined the descensequences to cDNA libraries and obtained one cDNA dants of P5.p-P7.p in L4 hermaphrodites. Only 33% of from the C. elegans EST project (Kohara, 1996) . By comcdf-1(ok192) mutants and 50% of cdf-1(n2527) mutants paring the sequences of these cDNAs with the predisplayed the normal number of 22 descendants (Table  viously determined sequence of genomic DNA, we de- 2, rows 1-3). The average number of descendants of termined that cdf-1 contains seven exons that span 4.2 P5.p-P7.p in these mutants was 21, and some mutants kb ( Figure 1A) . The longest cDNA was 1.8 kb, and it displayed as few as 18. This small difference is likely to contained an SL1 trans-spliced leader sequence that be significant, since it was caused by both alleles and identifies the 5Ј end of exon 1. Another cDNA terminated wild-type animals invariably have 22 descendants. Alwith a series of A residues not present in the genomic though the precise lineage defects in the mutants were DNA that identify the poly(A) addition site at the 3Ј end not determined, the typical case of 21 descendants is of exon 7. Exon junctions were identical in the four likely to result from a failure of one of the cells in the 1Њ cDNAs. Experimental Procedures for a description of these muMany components of the Ras signaling pathway have tations). cdf-1(n2527) suppressed the Muv phenotype the property that a loss of activity diminishes signalcaused by two different alleles of let-60 ras, let-60 ing and a gain of activity enhances signaling. To deter-(n1046gf G13E) and let-60(ga89gf L19F), demonstrating mine whether CDF-1 has similar properties, we overexthat the interaction between cdf-1 and let-60 ras is not pressed wild-type CDF-1 in worms. Transgenic worms allele specific (Table 1 , rows 1-6). cdf-1(n2527) partially containing extrachromosomal arrays comprised of mulsuppressed the Muv phenotypes caused by a gain-oftiple copies of cdf-1 genomic DNA were generated by function mutation in the let-23 RTK and a loss-of-funcgermline transformation. These arrays can rescue the tion mutation in lin-15 ( mosomal array rescued the cdf-1 mutant phenotype, cdf-1(n2527) did not suppress the Muv phenotypes albeit somewhat less effectively that the genomic cdf-1 caused by a loss-of-function mutation in the lin-1 ETS construct ( Figure 2A ). We did not detect GFP in these transcription factor or a gain-of-function mutation in lintransgenic animals, indicating that the level of expression is significantly lower than in transgenic animals 12, a Notch homolog that signals P5.p and P7.p to adopt Figure 4A) . Furthermore, overthat were otherwise not stimulated (data not shown). However, in combination with the stimulator insulin, inexpression of rat ZnT-1 also fully rescued the cdf-1 (n2527) hypersensitivity to Zn 2ϩ , demonstrating that jection of rat ZnT-1 RNA or C. elegans cdf-1 RNA increased the percent of oocytes that displayed GVBD at CDF-1 and rat ZnT-1 are functionally interchangeable mediators of zinc metabolism. cdf-1(ok192) and cdf-1 multiple time points (Figures 3A and 3C) . Injection of rat ZnT-1 RNA or C. elegans cdf-1 RNA also stimulated (n2527) mutants displayed a low penetrance of developmental defects under standard growth conditions. GVBD in oocytes that were costimulated by injection of Ha-Ras V12 RNA, albeit to a lesser extent (data not shown). These defects may be caused by sensitivity to the basal concentration of Zn 2ϩ in NGM media. The finding that Thus, CDF protein activity is sufficient to stimulate Ras signaling in Xenopus. To determine the position of CDF cdf-1(lf) mutants are hypersensitive to Zn 2ϩ suggests that CDF-1 is involved in zinc metabolism and functions protein action in the signaling pathway, we examined phosphorylation of ERK by MEK using a phospho-speto decrease the concentration of cytosolic Zn 2ϩ . Wild-type animals displayed dose-dependent develcific antibody. Injection of rat ZnT-1 RNA or C. elegans cdf-1 RNA in combination with the stimulator insulin opmental defects in the presence of supplemental cobalt. cdf-1(lf) mutants displayed defects that were increased phosphorylation of ERK ( Figures 3B and 3D) . Thus, CDF proteins are likely to function upstream of similar to wild-type animals; they did not display hypersensitivity ( Figure 4B Tables 1 and 3 ); this finding indicates that Zn 2ϩ and cdf-1 act at the same step in plemental zinc (250 M) reduced the penetrance of the Muv phenotypes caused by let-60(n1046gf G13E) and the Ras pathway and supports the hypothesis that cdf-1 modulates Ras signaling by affecting the cytosolic conlet-60(ga89gf L19F) from 78% to 18% and from 20% to 4%, respectively ( (Table 3 , a let-23(gf) mutation (Table 3, tion. cdf-1(lf) mutants are hypersensitive to zinc toxicity, demonstrating that cdf-1 is necessary for normal zinc to yield a total oocyte concentration of 1.1 mM or 1.4 mM did not significantly affect GVBD stimulated by insulin metabolism. cdf-1 mutants are not hypersensitive to the toxic effects caused by cobalt, copper, or cadmium, ( Figure 3E ). Injection of Zn 2ϩ to yield a total oocyte concentration of 1.7 mM reduced GVBD significantly, and indicating that cdf-1 is specifically involved in zinc metabolism and that cdf-1(lf) mutants are not hypersena total oocyte concentration of 2.5 mM or higher nearly eliminated GVBD ( Figure 3E) The identification of the n2527 mutation was described previously Zn 2ϩ inhibits Ras-mediated signaling is consistent with (Jakubowski and Kornfeld, 1999 (Kohn et al., 2000) . Approximately 180,000 oocyte expression, we linearized plasmids and produced mRNA using the SP6 mMESSAGE mMACHINE in vitro transcription kit bacteriophage plaques were hybridized with a mixture of three radiolabeled PCR products that were amplified from genomic DNA (Ambion). RNA production was verified by agarose gel electrophoresis. and spanned exons 2-7 of predicted open reading frame C15B12.7. Three hybridizing bacteriophages were isolated. The cDNA yk14a5
. After 12 hr, the injected oocytes were stimulated with insulin (ϩ) or left unstimulated (Ϫ). GVBD was scored after 24 hr of insulin treatment. (F) Oocytes were treated as in panel (E), pooled after 24 hr, and analyzed by Western blot analysis as in panel (B). In addition, antiphospho-ERK immunoprecipitates were assayed for ERK kinase activity using recombinant Elk-1 as a substrate (phospho-Elk-1). The experiments shown in panels (A)-(F) were repeated 2-4 times

CDF Proteins Affect Ras Signaling by Regulating
Oocytes were surgically removed from mature females and defolliculated by incubation in 1 mg/ml of collagenase (Sigma type I) for was obtained from the C. elegans EST project (Kohara, 1996) .
The complete DNA sequence of all four cDNA clones was deter-3-4 hr. Fully grown stage VI oocytes were allowed to recover at 19ЊC in medium containing 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , mined. The positions of cdf-1 exons on cosmid C15B12, which was sequenced (C. To prepare Western blots, we lysed oocytes using NP40 lysis buffer, pJJ16 encodes a CDF-1::GFP fusion protein. To generate pJJ17, prepared a protein extract, resolved the proteins by SDS-PAGE, we modified pJJ16 by replacing the genomic DNA encoding cdf-1 and electrophoretically transferred the proteins to nitrocellulose with a full-length 1.5 kb cdf-1 cDNA. pJJ17 encodes a CDF-1::GFP membranes. The membranes were blocked with 5% nonfat dry milk fusion protein. To generate pJJ23, we modified pJJ16 by replacing in TBST and incubated overnight at 4ЊC with rabbit polyclonal antithe genomic DNA encoding cdf-1 with a full-length 1.9 kb rat ZnT-1 ERK antibody (Santa Cruz Biotech) or rabbit polyclonal anti-phoscDNA (Palmiter and Findley, 1995) . pJJ23 encodes a ZnT-1::GFP pho-ERK antibody (New England Biolabs Inc.). Bound antibody was fusion protein. To generate pJJ24, we inserted a full-length 1.5 kb visualized using an alkaline phosphatase-conjugated secondary ancdf-1 cDNA fused to DNA encoding GFP (derived from pJJ17) into tibody and the appropriate color-developing agents. the ges-1 promoter-containing plasmid pJM16 (Aamodt et al., 1991) .
ERK MAP kinase assays were performed using a kit from Cell pJJ24 encodes a CDF-1::GFP fusion protein that is predicted to be Signaling according to the manufacturer's instructions. In brief, antiexpressed only in the intestinal lineage. To generate pJJ25, we phospho-ERK immunoprecipitates derived from oocyte cytosolic inserted a full-length 1.5 kb cdf-1 cDNA fused to DNA encoding lysates were mixed with recombinant substrate protein Elk-1, 200 GFP (derived from pJJ17) into the lin-31 promoter-containing plasmM ATP, and kinase reaction buffer. Kinase reactions were termimid pB255 (Tan et al., 1998) . pJJ25 encodes a CDF-1::GFP fusion nated after a 30 min incubation period, and proteins were separated protein that is predicted to be expressed predominantly in the vulval by SDS-PAGE and analyzed by immunoblotting with a specific antiprecursor cells.
phospho-Elk-1 antibody.
Transgenic Strain Construction
